ABSTRACT The development of novel technologies capable of monitoring the dynamics of cell-cell and cell-substrate interactions in real time and a label-free manner is vital for gaining deeper insights into these most fundamental cellular processes. However, the label-free technologies available today provide only limited information on these processes. Here, we report a new (to our knowledge) infrared surface plasmon resonance (SPR)-based methodology that can resolve distinct phases of cell-cell and cell-substrate adhesion of polarized Madin Darby canine kidney epithelial cells. Due to the extended penetration depth of the infrared SP wave, the dynamics of cell adhesion can be detected with high accuracy and high temporal resolution. Analysis of the temporal variation of the SPR reflectivity spectrum revealed the existence of multiple phases in epithelial cell adhesion: initial contact of the cells with the substrate (cell deposition), cell spreading, formation of intercellular contacts, and subsequent generation of cell clusters. The final formation of a continuous cell monolayer could also be sensed. The SPR measurements were validated by optical microscopy imaging. However, in contrast to the SPR method, the optical analyses were laborious and less quantitative, and hence provided only limited information on the dynamics and phases of cell adhesion.
INTRODUCTION
The emergence of stimuli upon attachment of a cell to its neighboring cells and to extracellular substrates (e.g., the extracellular matrix) plays an important role in cell differentiation and tissue development. Epithelial cells have been extensively studied in this respect. A well-recognized example is simple epithelium, which forms a cell monolayer with barrier properties. These epithelial cells employ diverse means for contacting each other and the underlying extracellular matrix. Other examples include protein complexes and cytoskeletal elements that dynamically associate with specialized plasma membrane domains at the border between the apical and basolateral surfaces, which form tight and adherence junctions, and protein assemblies in the basal-lateral surfaces, which form desmosomal junctions and focal adhesions. These complex interactions, combined with the biochemical and physical characteristics of the extracellular matrix microenvironment, play a vital role in generating and maintaining epithelial cell polarity and epithelial tissue differentiation (1) (2) (3) (4) (5) (6) .
Conventional techniques for monitoring cell-substrate and cell-cell interactions typically involve fluorescent labeling of cells (7, 8) . However, the labeling procedures and the chemical modification introduced by the fluorescent probe can affect normal cell behavior (8) . Thus, the development of sensitive label-free methodologies capable of tracking cell-substrate and cell-cell interactions in real time is crucial for ensuring reliable sensing of these important cellular processes. Several label-free techniques have been developed over the past few years to aid in the study of cell adhesion processes (9, 10) , including optical-based techniques such as optical waveguide spectroscopy (11) (12) (13) (14) (15) (16) (17) , total internal reflection microscopy (18) , reflectometric interference spectroscopy (19) , surface plasmon resonance (SPR) (20) (21) (22) (23) (24) , and infrared spectroscopy (25) (26) (27) (28) , and nonoptical methods such as electrochemical impedance spectroscopy (29) (30) (31) and quartz crystal microbalance (32, 33) . However, most of these methodologies have been applied to the monitoring of cell-substrate rather than cell-cell adhesion since, the complexity of cell behavior precluded the detection of specific cell adhesion phases by these labelfree methodologies (9) (10) (11) .
Recently, we introduced the Fourier transform infrared (FTIR)-SPR method to obtain real-time and quantitative measurements of diverse dynamic processes that take place in living cells (34) (35) (36) . In the study presented here, we combined what we believe is our novel FTIR-SPR method with conventional optical microscopy to monitor cell-cell and cell-substrate interactions. As a model cell system, we used the highly differentiated Madin Darby canine kidney (MDCK) epithelial cells. It is well recognized that these cells can exploit the indicated junctional complexes to form a highly polarized monolayer in vitro that faithfully mimics the biology of simple epithelium in vivo (6) . Our main findings suggest that FTIR-SPR can quantitatively sense distinct phases in cell-substrate and cell-cell adhesion. The observed phases included cell sedimentation and attachment to the underlying substrate, and subsequent cell spreading and initiation of cell-cell contacts that eventually led to the formation of a continuous cell monolayer. We were able to detect these phases because of the unique ability of the FTIR-SPR method to produce an evanescent wave that penetrates deep (up to a few mm) into the cell layer, and the large propagation length along the cell layer (up to~70 mm, or a few cells). These physical characteristics enable sensitive monitoring of global changes in cell morphology that occur during cell-cell and cell-substrate interactions.
THEORY OF FTIR-SPR

Surface plasmon resonance
The surface plasmon (SP) is a surface electromagnetic wave that propagates along the metal-dielectric interface (x-direction) and decays in the z-direction, which is perpendicular to the interface. The SP is a transverse magnetic (TM) wave that can be resonantly excited by the light wave incident on the metal-dielectric interface using special couplers, such as prism or diffraction grating. The SPR appears as a sharp dip in the optical reflectivity spectrum. The position and depth of the SPR are extremely sensitive to the refractive index of the dielectric layer in contact with a metal that allows a highly sensitive refractometry. Currently, SPR biosensors are widely used to characterize the dynamics of molecular binding interactions, because the change in the refractive index occurs when molecules from a liquid sample bind to the metal surface coated with antibodies (37, 38) .
The most convenient way to excite the SP is to use Kretschmann's geometry (39) , which employs the highrefractive index prism operating in the regime of attenuated total reflection (Fig. 1) . The SP wave vector is determined by the complex dielectric permittivity of the analyte (i.e., the dielectric medium overlaying the metal) 3 d , and by the complex dielectric permittivity of the metal, 3 m . The components of the wave vector along the metal-dielectric interface and perpendicular to it are denoted as k x,SP and k z,SP , respectively, and are given by the following expressions:
where k 0 is the wave vector of the incident light. Because the real part of the 3 m is negative, k z,SP is imaginary in such a way that the SP wave is evanescent in the z-direction.
The SP wave vector in x-direction has real and imaginary parts, k SP ¼k SP 0 þik SP
00
. The resonance appears when the real part of k SP matches k x , the projection of the incident light wave vector along the direction of the SP propagation:
where n p is the refractive index of the prism and q SP is the internal incident angle (Fig. 1 ). For fixed incident angle and wavelength interrogation, the SPR appears as a minimum in reflectivity at a certain wavelength l min , which is inexplicitly given by the following equation:
Note that 3 p and 3 m depend on the wavelength; in particular, the real part of 3 m is a negative and is proportional to 1/l 2 . The reflectivity in the vicinity of the SPR can be approximated by a Lorentzian (39, 40) :
At resonance (k SP 0 ¼ k x ) the reflectivity achieves its minimal value
where r mp is the Fresnel reflection coefficient at the prismmetal interface, k SP 00 is the lossy part of the SP wave vector, and G rad is the radiation (coupling) loss that appears when the SP propagates along the thin metal film rather than along the bulk metal surface. For optimal coupling, which is achieved by a proper choice of the metal film thickness, G ¼ k SP
, and thus R min ¼ 0 (39, 40) . Whereas conventional infrared spectroscopy traces spectral features related to the molecular absorption lines of the analyte, the FTIR-SPR technique uses spectroscopic information to identify the SPR wavelength with high precision. Because this wavelength is determined by the refractive index of the analyte (Eq. 3), the FTIR-SPR setup is in fact a highly sensitive refractometer. Tiny variations of the analyte refractive index (Dn d ) can be found from the shift of the SP resonance:
where Dl min is the resonance wavelength shift and S ¼ vl min =vn d is the bulk sensitivity (34, 37, 40) , which can be calculated analytically by differentiating Eq. 3 with respect to l min . The SP wave is affected by changes in n eff occurring in a thin layer in contact with the metal film. The thickness of this layer (i.e., the SPR penetration depth into the analyte layer (34, 40) 
The penetration depth depends strongly on the wavelength; in particular, the penetration depth of the SP at the Au/water interface grows from
For an inhomogeneous medium whose properties vary in the z-direction (perpendicular to the direction of propagation of the SP wave), the refractive index of the analyte as it is sensed by the SPR is
Cell-sensing by SPR Living cells contain up to 30% organic substances, and their refractive index (n cell ) differs from that of a water-based medium (n med ) used to support cell growth. For a medium with cells, the effective refractive index sensed by the SP (Eq. 7) can be rewritten as
where A(z) is the cross-section of the cell at height z above the substrate. During cell deposition and spreading, both A and C S can change. If A(z,t) ¼ const., then Eq. 8 indicates that n eff monitors the surface cell concentration on the substrate, C S . Alternatively, if C S (t) ¼ const., the SPR will sense the changes in cell morphology. The spectral range of l~2.5 mm is especially favorable for monitoring cell deposition and spreading. On the one hand, the SPR penetration depth (d z~2 mm) is lower than the cell's height, and hence the SPR senses only the cells that are in contact with the substrate, whereas the cells in solution are beyond the SP's probing range. On the other hand, the penetration depth of the SP is deep enough to sense a considerable volume of the cells deposited on the substrate. This is in contrast to the SP in the visible range, which has significantly smaller penetration depth (d z ¼ 0.1-0.3 mm) and therefore is sensitive mostly to the cell-substrate adhesion interface (40) .
Cells not only affect the effective refractive index of the analyte but also introduce absorption and scattering of the SP wave. The imaginary part of the SP wave vector (k SP 00 ) includes both the absorption and scattering contributions: k SP 00 ¼ k abs 00 þ k sc 00 . The absorption term reveals specific molecular spectroscopic information that in principle allows tracing of different cell constituents (e.g., proteins, lipids, polysaccharides, and water) (25) (26) (27) (28) , whereas the scattering term is sensitive to the cell's morphology.
Consequently, by measuring the resonant wavelength of the SPR, we determine the k SP 0 , which yields the cell coverage. On the other hand, the reflectivity at resonance measures the imaginary part of the SP wave vector (k SP 00 ; Eq. 4), and thus provides complementary information about the cell's morphology. In the following, we develop a semiquantitative model that relates to the reflectivity at SPR, R min , to the cell shape and arrangement on the substrate.
Scattering of the SP wave
Visible light scattering can provide valuable information about cell shape and cell-cell attachment (41) . Although scattering of evanescent waves (including SP) has been used in cell studies (12, 15, 16) , the lack of adequate theoretical models has prevented the acquisition of quantitative information. Indeed, although SP wave scattering by subwavelength or one-dimensional defects has been intensively studied (42, 43) , to our knowledge, scattering by large and low-contrast objects such as cells on substrate (r>>l, Dn/n~0.025) has not yet been studied theoretically.
In the absence of an appropriate theoretical model, we use the simplistic formalism based on Beer's law (44) , which predicts exponential decay of the surface wave upon scattering: I ¼ I 0 exp(Àk SP 00 x), where
Here C S is the surface concentration of scattering objects, and S sc is the scattering cross-section (for surface waves, S sc has units of length). Measurements of evanescent wave scattering by large dielectric spheres (r>>l) showed that the scattered light intensity scales with the sphere radius (45), i.e., S sc~r . We assume that the S sc~r relation holds for disk-shaped scatterers as well. Then Eq. 9 reduces to
where k 00 SP is the imaginary part of the SP wave vector, P ¼ 2prC S is the total perimeter of scatterers per unit area, and the Biophysical Journal 99(12) 4028-4036 (unknown) coefficient B is determined by the shape of the scatterer and by Dn, the dielectric contrast between the scatterer and the surrounding medium. This prompts the interesting conjecture that Eq. 10 is probably valid for a random assembly of sufficiently large uncorrelated weak scatterers of arbitrary shape, where P is the total length of scattering interfaces per unit area. In the context of cells and cell culture, this conjecture together with Eqs. 4 and 10 suggests that R min measures the length of cell-medium interfaces per unit area.
MATERIALS AND METHODS
Cell culture
MDCK cells were cultured routinely as described previously (46) . Cells were prepared for the SPR experiments as follows: MDCK cells of a confluent monolayer were detached from the dish by trypsinization (0.25% trypsin/ EDTA in Puck's saline A; Biological Industries, Israel). The cells were then resuspended in 10 mL of modified Eagle's medium (MEM) Hanks' salts supplemented with 20 mM Hepes, pH 7.5 (MEM-Hepes). The suspended cells were immediately injected into the flow chamber of the FTIR-SPR setup (see Fig. 1 ).
FTIR-SPR setup
Our experimental setup is shown in Fig. 1 . A right-angle ZnS prism (20 Â 40 mm 2 base; ISP Optics, Irvington, NY) with a 20-nm-thick gold overlayer was attached to a 2 mL flow chamber filled with MEM-Hepes medium. The temperature of the flow chamber was stabilized at 37 C. The flow rate was controlled via a motorized bee syringe pump equipped with a variable speed controller. The prism-flow cell assembly was mounted on the vertical translation stage. The infrared SP was excited using Kretschmann's geometry as previously described (47) . An FTIR device (Equinox 55, Bruker) was used as the broadband infrared source. The p-polarized infrared beam was collimated and reflected from the prism, and then focused onto a liquid-nitrogen-cooled MCT (HgCdTe) detector. Each FTIR spectrum lasted 25 s, representing an average over eight scans, with 8 cm À1 resolution. The s-polarized reflectivity spectrum was used as a background.
Experimental procedure
The prism was attached to the flow chamber of the FTIR setup and exposed to MEM-Hepes at 37 C for 1 h. The incident angle was set to q SP ¼ 32.8
( Fig. 1) . FTIR-SPR measurement started 15 min before cell suspension (~5 Â 10 5 cells/mL) injection. The cell injection lasted 10 min at a rate of 200 mL/min, at which point it was stopped and replaced by a slow flow rate (25 mL/min) of cell-free MEM-Hepes medium. This step lasted for 260 min from initial cell sedimentation on the gold substrate to eventual formation of the cell monolayer. Finally, we pumped trypsin solution into the flow chamber at a flow rate of 200 mL/min during the first 2 min, and then slowed the rate down to 25 mL/min. The pumping at this slow flow rate continued for 15 min. Each experiment was repeated at least three times and yielded similar results.
Optical microscopy and image processing
Optical time-lapse images of cells cultured on the gold-coated prism surface were synchronized with the FTIR scans. Images were taken through a 0.5-mm-thick optical window by a CMOS camera (Lw 575; Lumenera) connected to the high magnification optical zoom lenses (NAVITAR 12X zoom) using a halogen-lamp upright coaxial illumination (Fig. 1) . Fig. 2 A shows a representative section of the imaged field (0.5 Â 10 À2 mm 2 ). The acquired images were processed with the use of ImageJ software (W. S. Rasband, ImageJ, National Institutes of Health, Bethesda, MD; http://rsb.info. nih.gov/ij/, 1997-2010), as follows: To determine the cell concentration on the Au surface (C S ) during cell injection (Fig. 2 A, stage b) , a threshold filter was used to distinguish between the cells and the bare gold surface. The cell interior was then filled by means of a fill-hole procedure. In this way, the cell-covered area was distinguished from the cell-free area (Fig. 2 B, stage b) . The fraction of the total image area covered by the cells yields the cell surface coverage, f, which is related to the surface cell concentration as f ¼ C S A, where A is the cell , where r 0 is the radius of a cell in suspension. For later phases of cell spreading, when the cell projection deviates from the circle (Fig. 2 B, stages c-e) , it is approximated by an ellipse, with semiaxes a and b in such a way that its area is A ¼ pab. Fig. 3 shows three representative infrared reflectivity curves in the SPR regime. In the absence of cells (lower curve, stage a in Fig. 2) , the SPR appears as a sharp reflectivity minimum at n min ¼ 4061 cm À1 (this corresponds to l min ¼ 1/n min ¼ 2.46 mm). After cell injection and spreading (middle curve, stages b and c in Fig. 2 ), this minimum is red-shifted toward 3920 cm À1 , indicating that the refractive index sensed by the SP (Eq. 8) has increased. During the cell-injection phase, the refractive index increment is associated with the growth of cell concentration (C S ), whereas during the cell-spreading phase it is associated with the growth of the projection area (A). In addition, the SPR dip becomes wider and shallower because the cells introduce scattering. Afterward, when the cells begin to form a continuous monolayer (upper curve, phases d and e in Fig. 2 ), the SPR is further red-shifted to 3850 cm À1 and becomes narrower. During these phases, the n eff increases due to continuous growth of A and the associated increase in cell coverage (f), whereas the SPR narrows due to decreased scattering in the continuous cell monolayer. Moreover, an additional reflectivity minimum at 4170 cm À1 appears (Fig. 3, boxed area) at this stage. We attribute this minimum to the excitation of the guided TM 1 mode that propagates inside the cell layer. The appearance of this dip signifies the cell-cell attachment, since this waveguide mode can only propagate in a cluster consisting of several cells attached to one another. By analyzing the position (n min ) and the depth (R min ) of the reflectivity minima associated with the SPR and the guided mode, we can draw quantitative conclusions about the cell layer morphology.
RESULTS
Cell injection and spreading analyzed by FTIR-SPR
Cell concentration and projected cell area are measured by the SPR shift
The SPR wavelength is sensitive to the surface cell concentration (C S ) and the lower portion of the cell body (see Theory of FTIR-SPR). In contrast to the visible SP wave that probes primarily the cell-substrate contacts (d z % 0.3 mm at l~0.6 mm), the deep penetration depth of the infrared SP (d z ¼ 2 mm at l~2.5 mm) allows sensing of the cell area, which is almost the same as the projected cell area (A) measured by optical microscopy.
To evaluate C S and A, we adopted the approach of Ramsden et al. (14) , which they have developed in the context of an evanescent optical waveguide biosensing. The cell shape variation through the spreading phase is schematically depicted in Fig. 4 (left to right) . While it is still in solution, the cell has a spherical shape with radius r 0 . Upon cell spreading, the cell shape gradually changes from a full sphere to a spherical cap (curvature radius r, height h < 2r), whereas the cell volume V is preserved. The cell height (above the substrate) is found from the following equation:
The cell cross-section at height z is
The projected cell area (the area of the contact region between the cell and the substrate) is found from Eq. 11 at z ¼ 0:
The cells were considered as spheres, (r ¼ r 0 , h ¼ 2r 0 ) during the injection phase, whereas r 0 ¼ 10 5 1 mm (measured by optical microscopy). The surface cell concentration (C S ) was found from the SPR measurements using Eqs. 8, and 12, and the refractive indices of the cell media and the cells. These were found in a separate SPR experiment: n med ¼ 1.28, n cell ¼ 1.326 at n ¼ 4425 cm À1 . For the cell-spreading phase, we found A from Eqs. 8, 12, and 13, assuming that after the injection phase was over, the cell concentration remained unchanged (C S ¼ C 0 ; in other words, we neglected cell proliferation and cell death, which were minimal under our experimental conditions). Fig. 5 shows the time-dependent alterations in C S and A as derived from the SPR shift. It can be clearly seen that the cell projection area A increases with time. The increase is slower at the initial phase of cell spreading and faster at later times. After 180 min, A reaches a plateau at 840 mm 2 corresponding to surface coverage f ¼ C S Â A ¼ 0.92. The projected area as measured by the SPR (solid circles) matches the direct optical microscopy measurements (open squares). Note, however, that the precision and time resolution of the SPR measurements are higher because it represents an average over 10 5 cells illuminated by the FTIR beam, whereas the optical microscopy averages only over a dozen cells. The inset shows that the C S measured by the SPR and optical techniques are consistent as well.
The SPR depth/width monitors cell-cell attachment Fig. 6, c and b, shows the time dependence of the SPR shift n(t) and reflectivity R min (t). The n(t) continuously grows with time, whereas the R min (t) achieves a maximum at Cell Spreading Monitored by FTIR-SPRt ¼ 60 min and then decreases. Previous studies (11, 15, 16) that probed the spreading of living cells using an evanescent field of the optical waveguide observed a similar nonmonotonous time dependence of reflectivity, and attributed it to the different regimes of the evanescent wave scattering in the cell array. The information achieved so far from the scattering of evanescent waves (including SP) on cells has been mostly qualitative, due to the absence of appropriate theoretical models. Following the approach described by Cottier and Horvath (15) and Ramsden and Horvath (16) , in this study we take the first steps, to our knowledge, to convert SP scattering into a quantitative tool to characterize cell spreading and cell-cell attachment.
Equations 4 and 10 suggest that the depth of the SPR, R min , measures the length of cell-medium interfaces per unit area. Fig. 6 b shows that through the injection of cell suspension (t ¼ 0-15 min), the R min grows due to increasing C S (whereas the cell shape does not change; see Fig. 2, stage b) . When cells start to spread on the substrate (t ¼ 15-55 min), the cell concentration remains unchanged (C S ¼ const). Then, the R min grows mostly as a result of an increase in the cell perimeter, P (Eq. 10), arising from the expansion of individual cells on the substrate (Fig. 2, stage c) .
When surface coverage achieves f~0.3 (at t ¼ 55 min), the cells start to attach to each other (Fig. 2, stage d) and cell clusters appear. Here, f still increases. However, R min grows much more slowly and even saturates, because the onset of cell-cell attachment is marked by the disappearance of cellmedium interfaces associated with scattering.
When the surface coverage reaches f~0.75 (at t ¼ 120 min), the cells form a continuous monolayer with some cell-deficient voids (Fig. 2, stage e) . Further cell spreading results in a gradual filling of these voids, in such a way that R min decreases due to the disappearance of scattering interfaces. However, R min does not regain its initial value even for the continuous monolayer, due to the proximity of the water absorption peak at 3400 cm À1 . To characterize the varying cell morphology during the cell attachment process, we use the time excluding representation (Fig. 7) . To this end, we plot R min (n min ) dependences, in similarity to previous studies (11, 15, 16) . Since n min measures surface coverage, f, whereas R min, measures the length of cell-medium interfaces per unit area, P (Eq. 10), the R min (n min ) dependence mimics the P(f) dependence. The latter is well known in the context of thin-film growth (48) and has been used to characterize morphological changes during film deposition. Indeed, Fig. 7 clearly shows the different phases of cell-substrate and cell-cell interactions: individual cell spreading, development of cell clusters, and formation of a continuous monolayer. It is noteworthy that the R min (v min ) dependences for the direct process (cell attachment; black symbols) and the reverse process (cell detachment after trypsinization; red symbols) almost coincide, although the latter process is much faster than the former.
Cell-cell attachment revealed by the appearance of a guided mode
Additional evidence that allows one to pinpoint the onset of cell-cell-attachment comes from the kinetics of the guided mode resonance in the cell monolayer, which results in an additional reflectivity dip apart from that associated with the SPR (see Fig. 3, boxed area) . Indeed, the cell monolayer between the metal substrate and growth medium can be considered as a very imperfect planar optical waveguide. The cutoff condition for the TM 1 mode excitation there is
, where h is the height of the waveguide and k 0 is the wave vector of the incident light wave. To excite this mode effectively, the interaction between the incident electromagnetic wave and the guided optical wave must be sufficiently long. An individual cell is not large enough to allow guided-mode excitation; therefore, to excite this guided wave, a cluster containing several cells is required. Fig. 6 a shows how the magnitude of the guided-mode resonance varies during cell spreading. The guided-mode resonance is absent during cell injection and initial spreading. It appears only at t 1 ¼ 55 min. The magnitude of the guided-mode resonance increases with time and achieves saturation after t 2 ¼ 120 min. We attribute t 1 to the onset of cell-cell attachment, and t 2 to the completion of the cell monolayer.
Although the cell-cell attachment and monolayer formation can be traced indirectly through the measurement of R min and n min (Fig. 6, b and c) , the guided-mode resonance FIGURE 7 Dependence of R min on surface coverage f (estimated from v min ) during cell deposition (solid circles) and detachment after trypsinization (open circles). Although the rates of these two processes are very different, the R min (f) dependences are almost identical, indicating that upon detachment the cells pass through essentially the same stages as upon spreading, but in reverse order.
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monitors the cell-cell attachment directly and allows precise timing of its onset.
DISCUSSION FTIR-SPR versus other label-free techniques
In this work we demonstrate the ability of FTIR-SPR to measure quantitatively and with high temporal resolution the different phases of cell adhesion, i.e., initial cellsubstrate attachment, cell spreading, cell clustering, and subsequent formation of an epithelial cell layer. The ability of the FTIR-SPR method to resolve these phases stems from two features of the infrared SP: 1), the extended penetration depth into the cell body/layer (up to 2 mm), which permits sensitive probing of the degree of cell coverage (f) on the substrate; and 2), the pronounced lateral propagation length of the infrared SP (~70 mm). These features allow reconstruction of the cell shape and cell organization on the substrate from the SP shift and scattering, as derived from the SPR depth (R min ). In visible-wavelength-based techniques (e.g., optical waveguide spectroscopy and SPR), these two parameters are considerably smaller (penetration depth is normally < 0.3 mm (11), and in the case of SPR the propagation length extends only to~2 mm (40)). Hence, the sensitivity of these methodologies is confined mainly to the cell-substrate interface. In contrast, the FTIR-SPR method is sensitive not only to the cell-substrate contacts but also to large portions of the cell body, thus allowing the detection of changes in cell shape as well as processes related to intercellular communication processes (e.g., cell-cell attachment and cell monolayer formation).
Other nonoptical, label-free methods, such as electrochemical impedance spectroscopy and quartz crystal microbalance, have been used to study cell adhesion (31) . However, although these methods can sense the dynamics of cell adhesion, they typically cannot relate the measured parameters to specific changes in cell morphology and substrate coverage.
FTIR-SPR versus optical microscopy
In principle, cell-substrate and cell-cell adhesion phases can be quantitatively evaluated by various types of optical microscopy, including fluorescence and phase contrast/ reflection microscopy (18) . However, the FTIR-SPR method provides several significant advantages. Whereas optical microscopy can normally examine relatively small cell numbers (from a single cell up to a few hundreds of cells), FTIR-SPR measures simultaneously the behavior of >10 5 cells. Thus, the FTIR-SPR approach could be superior to microscopy-based techniques because it allows cell adhesion processes to be studied quantitatively over large cell populations. Second, the sensitive detection of steps in cell-substrate and cell-cell adhesion would require the application of several optical microscopy-based approaches (e.g., total internal reflection fluorescence microscopy would sensitively detect cell-substrate but not cell-cell attachments, and conventional and confocal laser scanning fluorescence microscopy would sense mainly cell-cell adhesion). Here we show that the FTIR-SPR method is capable of sensitively and simultaneously detecting cell-substrate and cell-cell attachment.
CONCLUSIONS
Using FTIR-SPR, we demonstrated the existence of multiple phases in cell-substrate and cell-cell interactions of epithelial cells. Remarkably, the FTIR-SPR method was able to measure the dynamic occurrence of these phases in real time, with high sensitivity and in a label-free manner. We predict that our current development of FTIR-SPR will serve as a powerful new experimental strategy for studying cell adhesion processes in health and disease.
